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ABSTRACT 



324/207.12 



A system for locating objects in space, such as medical 
instruments within the body of a patient, based upon trans- . 
mission of magnetic fields from coils in a fixed frame of 
reference to sensors on the object or visa-versa. The current 
supplied to the coils is adjusted to assure that the sensors 
receive fields within a preselected range of magnitudes 
regardless of the location of the object in space. This assures 
that the sensor operates within its optimum range, and 
permits use of compact transmitters and sensors. 

22 Claims, 3 Drawing Sheets 
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rn ^. mni>1 over™ with simultaneously to "steer" the direction of the resulting field 

MAGN ^l IC 1 l^J^^nJ^^^r and thereby aUgn the field with the sensor. The '938 pub- 

^^ISESk Sul ch^^eSzes this arrangement as undesirable. Other 

FIELD GENEKAIUK systems for locating medical instruments such as endo- 

j scopes and catheters based upon transmitted fields are 

The present invention relates to systems for teermining systems of this nature typically have used fields having 
die location and/or orientation of objects in space by detect- 8trcngtn w hich varies as the third power, or a higher power, 
ing magnetic fields. 10 0 f distance from the transmitter. There is. accordingly, a very 

~ ™, ™ ro TxnTCArrrnv laree variation in the strength of each field from location to 

BACKGROUND OF THE INVENTION a medical device locating system, adapted to 

Various systems have been proposed for detecting the detect the location of the sensor anywhere within a sensing 
position and/or orientation of an object using magnetic or volume having dimensions on the order of 0.5 to 1.0 m, the 
electromagnetic fields. These systems typically employ field 15 field strength may vary through many orders of magnitude 
transmitters, such as electromagnet coils, disposed at known from one end of the sensing volume to another. When me 
locations in a fixed reference frame and a sensor, such as a sensor and the object to be located happen to be near a 
coil or other transducer mounted to the object to be located. particular transmitter, they will receive an extremely strong 
Each transmitter projects a field varying in space in a fixed field, whereas when the sensor and object are at the end or 
frame of reference. The pattern of variation in space for each 20 the sensing volume remote from the particular transmitter, 
transmitter is different than the pattern for each other trans- they will receive only a very weak field from mat transmit- 
mitter. For example the transmitters may be identical to one ter. This requires a sensor with a very substantial dynamic 
another but disposed at different locations or in different range, capable of accurately monitoring very strong and very 
orientations. The field patterns of the transmitters are thus wca k fields. That, in turn, poses stringent demands on the 
displaced or rotated relative to one another and relative to 2s design of the sensor and may require a larger sensor, 
the fixed frame of reference. The sensor on the object detects Moreover, the signal to noise ratio is poor when niomtormg 
the parameters of the field prevailing at the location of the a vcry WCA k field and the accuracy of the system is accord- 
object as for example, the magnitude and/or direction of the mgiy less than optimum in these conditions. Both of these 
field at the object or the magnitudes of individual compo- considerations are particularly iroportant in systems for 
nents of the field at the object in one or more preselected 30 medical applications, where the sensor must be small to fit 
directions The transmitters may be actuated in a predeter- inside a medical device such as a catheter or endoscope, 
mined sequence so that at any time only one transmitter is Although such systems can provide useful results, further 
active and therefore the field prevailing at the object is only improvement would be desirable. The same problems arise 
the field contributed by one transmitter, plus a background in systems using a coil or other transmitter on the object to 
field due to the Earth's magnetic field and other environ- 35 be located and plural sensors in the fixed frame of reference, 
mental sources. Alternatively, the transmitters can be driven Here again, a particular sensor will be exposed eithertoa 
at different frequencies so that components of the signal very strong field or a very weak field depending on wnetner 
from the sensor varying at different frequencies represent mc transmitter is adjacent to or remote from the sensor in 
contributions to the field at the object from different trans- question. 

nutters. Based upon the detected parameters of the fields 40 Commonly assigned, copending U.S. Pat No. 0&O3Z, 
from the individual transmitters, and the known pattern of 419% mcd Qct 6, 1993, now U.S. Pat No. 5^58,091, 
variation of the field from each transmitter, a computer discloses a solution to these problems. Certain preferred 
system calculates the position and orientation of the sensor, e mrx)diments according to the '479 application include 
and hence the position of the object bearing the sensor, in the electromagnets which are operable to generate a plurality of 
fixed frame of reference of the transmitters. In a variant of 45 different magnetic fields. Each field has at least one com- 
this system, the object to be located carries the transmitter or ponent with a non-zero magnitude that is either constant 
transmitters, whereas a plurality of sensors are disposed at ^ neariy linear with respect to distance in a particular 

various locations or orientations in the fixed frame of direction within a sensing volume. Such an arrangement 
reference. The location and/or orientation of the object is provides less variation in field magnitude throughout the 
deduced from signals representing the parameters of the 50 se nsing volume than a comparable arrangement in which the 
field prevailing at the various sensors. field strength varies as the third or higher power of distance. 

Systems of this general nature are disclosed in U.S. Pat Thus, with the quasi-linear fields, the difference between 
Nos 4 849 692; 4,642,786; 4,7 10,708; 4,613,866 and 4,945, miinmum and maximum field within a given sensing volume 
305" Systems according to this general design can be used to is substantially smaller. This substantially alleviates the 
provide a ttoee-dimensional spatial input capability for a 55 problems discussed above. However, it is not always con- 
computer Another system of this nature is disclosed in yenient to use the particular cofl arrangements which pro- 
International Patent publication WO94/04938. In the '938 vide such quasi-linearly varying fields, 
publication, the object to be located may be a medical SUMMARY OF THE INVENTION 
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example, where the field generating means includes a plu- the sensor can still be calculated by using the altered fields 

rality of transmitting coils, the coils are disposed at different as the basis for calculation, 

locations and/or different orientations relative to the sensing A - 

volume. Apparatus according to this aspect of the invention * ^ aSp !? ♦ ^ mention provides appa- 

also includes at least one^scc adapS^to detect one or 5 ™^i^l lc ?^ adapted for mounting 

more parameters of the field prevail the sensor when to ^ ^ be located and also including a plurality of 

the sensor is at an unknown location within the sensing SW "°? * spo f ed a sensing volume. The apparatus 

volume, and to provide one or more sensor signals repn> accordm « *° of * e invention includes calculation 

senting such detected parameters. For exainpiTthe sensor means for deteniuiiing a calculated location of the transmit- 

may include a sensor body and a plurality of component I0 ter J ,ased "P° n J» and upon the known 

sensors disposed on the sensor body, each con^nent^ensor vamtionof the fieW at me transmitter. Here again, 

being operative to measure the inagnitudeTa magnetic feedba ? 00111101 mcan i m V*Mted for ^ ^d 

field component in a preselected local direction relative to £ e ^™S/»eans to alter the known pattern of variation of 

the sensor body to provide a component sensor signal ficW * lcast onc traDsn ^ * response to the 

representing that particular component of the fiddprevaihng ,< f^nsor signal, to the calculated location of the transmitter or 

at the sensor. The apparatus further includes calculation so as to maintain the parameters of the field from the 

means for calculating the location of the sensor, the orien- at , on f transmi » c 5 prevailing at each sensor within a 

tation of the sensor or both based upon the sensor signals and prcsclccted r "8 e ' ™? arrangement is similar to the 

upon the unknown patterns of variation of the fields. Hie f*™^ 1 " ^cussed above, except that the transmitter or 

apparatus also includes feedback control means for adjusting * J™ 5 ™ 1 * 0 * are disposed on the object to be located whereas 

the field generating means to alter the known pattern of ^sors are located in me fixed frame of reference of the 

variation of at least one of the fields responsive to mTsensor volume - Herc again, when the transmitter is dose to 

signals, to the calculated location of the sensor or both so as SCD f r ' OT where me < f ientations mc transmitter and 

to maintain the detected parameters of the altered field at the SCf ??5 f avor coa ^ ***** *e transmitted field 
sensor withm a preselected^ 

field generating means includes a plurality of transmitters * relatively far from the sensor, or m a unfavor- 

disposed adjacent the sensing volume, the feedback control i"^^?;^ ^ TDCaLS of 

means can be arranged to increase the strength of the field Ac If™™*** **1<L This arrangement provides advantages 

transmitted by a particular transmitter when the sensor is SUmlar to ****** 

remote from such transmitter, and to decrease the strength of 30 A furtner as P cc< of toe invention provides apparatus for 

the field emitted by mat transmitter when the sensor is close sensing the disposition of an object— its position, orientation 

to the transmitter. Thus, the parameters of the field detected or both— in a frame of reference. Apparatus according to mis 

at the location of the sensor will always lie within a aspect of the invention includes transmitter means including 

relatively narrow range of values. Because the transmitted at ^ cas ^ °° e transmitter for providing a field and sensor 

field is altered in a known manner, the position and/or 35 means including at least one sensor for sensing one or more 

orientation of the sensor can still be calculated, simply by parameters of a field prevailing at each such sensor and 

using the altered field as the basis for calculation. For providing one or more sensor signals indicative of such 

example, where the feedback control means increases the parameters. The transmitter means and said sensor means 

current flowing to an electromagnetic coil, the parameters cooperatively define a plurality of transmitter-sensor pairs, 

used in the calculation to represent the strength of the field 40 ***** incfljdim 3 one transmitter and one sensor as elements of 

emitted from that particular coil are adjusted accordingly. me P** 1 ' one dement of each such pair being disposed on the 

Apparatus according to this aspect of the present inven- and mc element of each such pair being dis- 

tion can maintain the detected field parameters at the sensor 00800 * a ^ own <hs P osition said frame of reference, 

location, such as the magnitude of the field at such location, TW™ 1 * at least one element of each transmitter-sensor 

within a relatively narrow range even where the field 45 * disposed at a different position or orientation than the 

strength varies with a power of distance greater than the first corresponding element of the other pairs. The apparatus 

power as, for example, where the field strength varies with fuither ^eludes calculation means for detennining the dis- 

the third power of distance from the coil. The system P° sltioD °f said object based upon said sensor signals 

therefore can provide good signal to noise ratio, even with fccdback means for adjusting said transmitting 

a very small sensor. Moreover, there is no need for any 50 mcans res P° nsive t0 said sensor signals to thereby maintain 

particular coil configuration to produce a linear or quasi- at lcast one of said sensor signals within a preselected range, 

linear field. For example, in a medical application, a plural- Further aspects of the present invention provide methods 

ity of individual coils may be disclosed at various locations of detennining position and/or orientation wherein the 

beneath a patient receiving bed, or on one side of the bed. operation of field generating means is altered by feedback 

Although apparatus according to this aspect of the inven- 55 contro1 bascd "P 011 ^ signals from the sensor, or from the 

uon can utilize any type of sensor, it has additional advan- calculated location of the sensor of the transmitter, to 

tages when used with magnetoresistive sensors or other nwmtain the parameters of each field to be detected by each 

sensors which can lose accuracy when exposed to very high sensor within a preselected range, 

magnetic fields. Because the field is maintained within a Other objects, features and advantages of the present 

relatively narrow range, the sensors are not exposed to fields 60 invention will be more readily apparent from the detailed 

which would impair their accuracy. In a further variant of the description of the preferred embodiments set forth below, 

invention, the feedback control system is actuated to main- taken in conjunction with the accompanying drawings, 
tain the parameters of the field at each sensor within the 

narrowest attainable range of values. Thus, the feedback BRIEF DESCRIPTION OF THE DRAWINGS 

control maintains the field parameters at the sensor at 65 FIG. 1 is a diagrammatic prospective view depicting 

substantially constant values. Here again, the transmitted portions of apparatus in accordance with one embodiment of 

fields are altered in a known manner, and the disposition of the invention. 
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FIG 2 is a fiaianentary diagrammatic prospective view element refers to the position of the element, the orientation 
depTlg ap^r^ap^SstrateaTFIG. 1. of the element or both. Thus, the common »mt fa 

PIG. 4 is a block diagram depicting certain steps to intdhgible representa- 

methods according to embodiments of the invention. FIGS. l"« "*') .JT^VhT™«h* «• nhiertl4 Such human 

HnH are a dLrammatic perspective view depicting tion of the position of the probe or object 14. Such , Man 

^onsofap^ar^inWclancewith a further embodi- intelligible representation may be provided as numen- 

I ?u ^ZZ, cal information presenting the position and/or orientation of 

ment of the uwention. io JJjJ „ ta fte £ Y z Ordinate system or, preferably, as 

DETAILED DESCRIPTION OF THE a pictorial representation of the object and of the associated 

PREFERRED EMBODIMENTS catheter superposed on a pictorial representation of the 

... , - Aa patient [MOVE THIS UP]. Coils W are mounted in fixed 

Apparatus to accordant with one embotoent offte mj 0 f reference of patient receiving bed 
presentinventionh.cludes three f-"^***™"^ 15 & Thai frame of reference is denoted by a Cartesian 
coas 10 disposed in a common , piano. Cto* coardhmte system X, Y, Z as shown in PIG. 1. A patient P 

in fixed position in the frame of reference or patient receiv- 1 - „«, _^w„„ k^h 

Saibtfraine of reference is denoted by a Cartesian may be positioned on the patient receiving bed. 

coordinate system X, Y, Z as shown in FIG. 1. A patient P Command unit 28 further includes a control unit 34. 
may be positioned on the patient receiving bed The axes 11 » rj ontro i unit 34 is linked by output lines 36, 38 and 40 to 
of the coils are parallel to one another. A patient receiving thrce scparatc ^ drivers 42, 44 and 46, Each coil driver is 
bedUextendsjustabovetheplaneof coil 10. The apparatus Unked to a separate one ^ transmitter coils 10. Each coil 
further includes an object or probe 14. The probe is adapted fa adapted to send a direct current through the 

to be inserted into a medical instrument such as a catheter 16 transmit coil 10. Each coil driver is arranged to 

and positioned at a desired location in the catheter, such as 25 CQatcol ^ amplitude of such current, and to turn the current 
at the distal tip of the catheter or at another location along ^ ^ off ^ response to signals received from 

the length of the catheter. Probe 14 has mounted thereon a ^ 34 ^ ^ umt is arranged to signal the coil 

sensor 18. Sensor 18 includes three component sensors 20, ^ to ^ ovide currents to their respective transmit coils 
22 and 24 adapted to sense components of the magnetic field fa atternatillg sensitive to magnetic fields directed in direc- 
in mutually orthogonal local directions X\ Y, and A . That 30 ^ x ^ largcly insensitive to sequence, so that coil 10a 
is, component sensor 20 is sensitive to magnetic fields fcceivcs cxmtnt whi i e cofls 10J> and 10c are inactive; coil 
directed in direction X\ but largely insensitive to fields in lw > receives current while coils 10a and 10c are inactive and 
directions Y and Z, whereas sensor 22 is sensitive only to ^ lfc rcccives wnile coils 10a and 106 are 

fields in direction Y and sensor 24 is sensitive to fields in mactive ^ ^1 unit receives data from amplification 
direction Z\ These sensors are adapted to provide separate 35 ftnd aversion section 30 and. as further discussed below, 
sensor signals representing the separate coitiponente. Sensor actuates fee coil drivers to vary the amplitude of the current 
18 may be a solid state sensor of the type described inthe ^ ^ ^ unit ma y include conventional 

aforementioned International Patent Publication W095/ devices such as digital to analog converters or bus 

09562, the disclosure of which is hereby incorporated by interface unit s so that the output of the control unit is 
reference herein. As further described therein, each of toe 40 OTjnpatjbl e with the control input of each coil driver. Also, 
component sensors may include a generally planar magneti- the control unit is illustrated separately from the 

cally sensitive film, such as a magneto-resistive film or a ^ unitg of command unit 28, it should be appre- 

Hall effect sensing film. Each such film may be sensitive to ^ ^ control ^ may share physical elements of 

fields directed normal to the plane of the film. Alternatively, ^ command unit and other elements. For example, where 
sensor 18 may include an array of miniature coils, the axes 45 ^ wmraand UIUt incorporates a general purpose computer, 
of the coils being oriented orthogonal to one another. the processor of the computer may serve both as an element 
Although these represent the preferred sensors, essentially rf ^ nation computation unit and as an element of the 
any other magnetically sensitive device may be employed conlrol umt . executing functions appropriate to the different 
as, for example, magneto-optical sensors and flux gate ^ ^ times 

^om^ntrsensors 20. 22 and 24 are connected through * In a metood ^^/^^ 5? 0 J^£ 
a cable26, with separate leads for each sensor, to a com- catheter 16 is advanced into the body of a pattent The 
Su^^CoXnd unit 28 (FIG. 3) includes an input probe 14 with sensor 18 toereon is ^^J^^^l 
a^Son and analog to digital ("AID") conversion catheter. The c^eter tip is disposed at " locaUon 
secdon 30 adapted to receive the individual signals from 55 somewhere above the plane of coils 10. Contro^ i unit 34 
~ent sent™ 20, 22 and 24 of sensor 18. amplify the actuates the coil drivers ? 
^mTand convert the same to digital form. The amplification default value for the current amplitude to be provided to 
SIS cS^iS ^^ include oZ conven- each coil 10. ArrmMcation and conversion ^ 30 famptes 
taai signal processing devices such as analog or digital the signal from each of ft* component s ^ f ^;^^ 
b^ndZ filling and noise rejection devices and signal 60 at a preselected time after the begmmng of current flow 
Conimand unit 28 further includes a computation through each coiL For exairmle. at a preselected _ time after 
unTirComSon unit 32 may be implemented as a the r**inning of current flow through transmit cod 10*, uni 
Tia^S 30 takes a sample of the signal from each of component 

S^Son conation unit is arranged to compute sensors 20, 22 and 24, and converts the same to digital 

« fonnat Conimand unit 28 then calculates a total field 

As used in this disclosure, the term "disposition" of an field magnitude is: 
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( linear equations. The command unit then provides output 

WioJ = \ (kx&aj 1 + (hsSnf + (AmS*) 2 indicating the position and orientation of the sensor and 

hence indicating the position and orientation of probe 14 and 
of the distal tip of the catheter, 
where: 5 If one or more of the field magnitudes is out of the 

B 1<Jfl is the magnitude of the magnetic field vector at preselected range, the system does not calculate the position 
sensor 18 at the time that coil 10a is actuated; and orientation. Instead, control unit 34 changes the field 

K20 is a sensitivity factor relating the signal strength from strength of the coil or coils associated with the out-of-range 
sensor 20 to the magnetic field component along axis fieW strength. For example, where probe 14 and sensor 18 
X; 10 are relatively close to coil 10a, the total field magnitude 

Sjo is the signal strength from sensor 20 during the detected when coil 10a is actuated will be above the prese- 
actuation; and lcctcd ran 8 c - Control unit 34 therefore will command coil 

IC^, S22 and K24 and S* are similar sensitivity constants ^J** ?* me next 

" j„- na . ~zL„^u„ ?L . j <s* actuation cycle. Conversely, if the probe and sensor are 

and signal strengths for the other sensors 22 and 24 rektivel far from coil 10c, the field magnitude sensed 

to hke nianner tb, system ^ates coils 10* and 10c in 15 during actuation of coil 10, with the defau^currtnt vake 
order, usmg the default current strength. Here again, the willte below the preselected range. Control unit 34 there- 
system computes the magnitude of the total field vector fore will instruct coil driver 46 to increase the current to cofl 
prevailing at the sensor during actuation of cofl 10* and 10c on the next actuation cycle. The coil drivers may be 
independently computes the magnitude of the total field arranged to vary the overall field strength or dipole moment 
vector prevailing at the sensor during actuation of coil 10c. 20 of each cofl stepwise, as by varying the current stepwise. 

As shown in FIG. 4, after detecting the component signals Each increase or decrease commanded by control unit 34 
and calculating the total field magnitude prevailing at the may be one step. Alternatively, the control unit can calculate 
sensor during actuation of each coil, the control unit deter- an increase or decrease proportional to the degree to which 
mines whether or not all of the field magnitudes are within the total field magnitude deviates from a target value within 
a preselected range of magnitudes. This preselected range is 25 the preselected range. Thus, a relatively large change can be 
chosen to lie within the optimum operating range of sensor made when the field magnitude is far outside of the range, 
18. Thus, the min i mum field magnitude is selected to lie well whereas a smaller change can be employed when the field 
above the noise threshold of the system and above the magnitude is close to the range or within the range. The 
minimum sensitivity level of the sensor, where the maxi- correction process continues until all field strengths are 
mum field level is selected to lie well below the maximum 30 within the preselected range, whereupon the system calcu- 
limit of linearity of the sensor, and well below the maximum lates position and orientation. After the system finds values 
field which the sensor can tolerate without loss of accuracy. of coil currents which produce field magnitudes within the 
For a typical magneto-resistive sensor, which is most accu- range, subsequent actuation cycles use these currents. Dur- 
rate and repcatable when used with fields of less than about ing operation, as the physician utilizes catheter 16, the 
4 Gauss, the preselected range of field magnitudes may be 35 position of the catheter tip, and hence the position of probe 
from about 1.0 to about 2.5 Gauss. With typical Hall effect 14 and sensor 18 may change. Any such change may bring 
sensors, which are most accurate when used with fields over one or more of the field magnitudes outside of the presc- 
about 30 Gauss, the preselected range wfll be above about 30 lected range, whereupon the system will readjust the cur- 
Gauss. If the three field vector magnitudes observed during rents to the coils once again. 

actuation of the three units 10a, lOfc and 10c all lie within 40 As the feedback control unit readjusts the currents to the 
the preselected range, than the system proceeds to calculate coils, the altered values of current are translated into new 
the position and orientation of sensor 18, and hence the values for field strengths from the individual coils which are 
position and orientation of probe 14 and the associated tip 16 used in the aforementioned position determining equations, 
of the catheter using conventional position finding algo- In this manner, the system assures that the sensor is always 
rithms. For example, the mathematical methods disclosed in 45 exposed to a field having a magnitude within the preselected 
U.S. Pat No. 4,7 10,708 for finding positions using a mul- range wherever the sensor is placed within a sensing volume 
tiplc transmitting or receiving stations and a multi-axis 50 extending over a preselected region above the plane of 
sensor can be employed. The disclosure of said 708 patent coils 10. The exact size of sensing volume 50 wfll depend 
is hereby incorporated by reference herein. Briefly, the upon the breadth of the preselected field magnitude range 
magnitude of the fields in each of the local or sensor 50 and the dynamic range of coil drivers 42, 44 and 46, Le.. the 
directions X\ Y\ T represented by each of the component degree to which the coil drivers can vary the currents. The 
sensor signals from each of the component sensors 20, 22 size of sensing volume 50 within which the sensor will 
and 24 is a function of the overall strength of the field from receive fields within the preselected field magnitude range 
the coil (also referred to as the magnetic dipole moment of from all coils will also depend upon the positions of the 
the coil), the distance from the particular coil to the sensor 55 coils. However, for a typical system having three coils 
and the sensor rotation angles. Le., the angles between the spaced at vertices of an equilateral triangle with sides about 
local directions X\ V and T and the coil frame of reference 40 cm long, the sensing volume includes a region extending 
directions X, Y and Z. When three component sensor upwardly about 60 cm from the plane of the coils. At the 
readings are collected during actuation of three separate plane of the coils, the sensing volume extends about 20 cm 
coils and equated with the component strength, expressed as 60 beyond the equilateral triangle bounded by the coils, 
a function of location for fields from a particular ccdl, they In the description set forth above, only one sensor is 
form a system of nine equations with six unknowns (the X, employed to determine the position and location of only one 
Y, Z location of the sensor and the three rotation angles). The object However, plural objects and plural sensors may be 
derivation of these equations is set forth in Appendix A. That utilized. As described in the aforementioned International 
system of equations can be solved by iterative inethodssuch 65 Publication WO95/09562, a plurality of fiducial markers 
as the method of Marquardt or the method of Broyden for may be utilized. Each fiducial marker may include a sensor 
least-squares solution of an overdetennined system of non- body 52, a tag 53 and a sensor 54 of the same type as sensor 
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i« „i...,wv ^nnected to the sensor body. The amplifies- and hence transmitting coils M, in first, second third and 
uL anTc^v^Tnit M i £K STiese fourth cycles. During the first cycle^e signals from sensor 

rrior to use of the catheter and probe discussed above. The is may be sequential with the entirety of a first cydeDeing 
£££ 5* W^aUyare not present in the imaging step. performed before the enbxe* of a second ^Jte^dta 
A^iTm^nTsL the sensor bodies 54 and sensors of may also be interspersed with one another. For example, coil 

□T^d^rmLes the position and orientation of sensor a Alternatively * some *^ 
ISandnrobe 14. The acquit position and orientation of the to one another, or if the data from some senson sis less 

distances. When the images are properly used foe posifon monitoring ""J^^^T* 

markers, or more than one meoicai ms , scnSOT 18> ffle system may terminate such increases if the 

System using multiple sensors, such as sensors 18 and field magnitude at second sensor S4n during nadmg 
« derated in seoarate cycles so as to cycle associated with first sensor 18 reaches the maximum 

umtMmafartuatethe coil drivers 42. 44 and 46, preselected range, the system may display an eiror message 
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or else may attempt to calculate position and orientation preselected range, and the signal from the prime direction 
based on out-of-range sensor signal, or bom. Alternatively, component section 24 is monitored This sequence ofopera- 
if the accuracy of the sensor can be restored, the data from tions is then repeated again for each of the other transmitter 
the nominally unused sensors can be used to initiate resto- coils. This approach can be extended to plural sensors, each 
ration. For example, certain magnetoresistive sensors use a 5 having plural component sensors. Here again, the system 
biasing magnetic field If exposed to excessive fields, such keeps track of the coil current magnitudes used to produce 
sensors can be reset and restored to accuracy after the excess the fields since by each component sensor. The coil current 
field is removed by adjusting a bias magnetic field applied is reflected in the coil dipole moment (overall field strength) 
within the sensor. The command unit may be arranged to terms of the simultaneous equations, 
trigger the reset process for one sensor if it is exposed to 10 Where the local direction associated with a particular 
excess field during a cycle associated with another sensor. component sensor is orthogonal, or nearly orthogonal, to the 
In the foregoing discussion, the coils are driven alter- direction of the field produced by a particular coil at the 
nately in a time-multiplexed arrangement Frequency sensor, it may be impossible to bring the component in that 
domain multiplexing can also be employed. Thus, each coil local direction into the preselected range without either 
can be actuated with a driving current having a different is exceeding the current capacity of the coil driver or produc- 
carrier frequency, and such actuation can be substantially ing a total field so strong as to impair one of the other 
continuous. The signals from sensor 18 will include com- sensors. In this instance, however, at least one of the other 
ponents varying at the different carrier frequencies, which component sensors will receive a component having a 
can be segregated by analog or digital filtering methods. magnitude in the preselected range of magnitudes. In this 
Thus, the signals from component sensor 20, 22 and 24 20 variant, the signal from all of the component sensors may be 
varying at the carrier frequency of coil 10a can be used to monitored during a cycle associated with a particular corn- 
calculate the total field magnitude attributable to coil 10a. ponent sensor. The maximum current applied to the coil may 
That value in turn can be used to trigger feedback control be limited to avoid exposing any other unused component 
unit 34 to adjust the current to coil 10a. The currents in the sensor to an excessive field component in its sensing direc- 
other coils can be adjusted in similar manner using die 25 tion. 

components varying at their respective carrier frequencies. In a further variant of mis approach, the preselected range 

The frequency division multiplexing approach can be of magnitudes for the field component in any particular 

extended to multiple sensors. For example, each coil can be direction is narrowed to include only a single preselected 

driven at a multiple carrier frequencies, equal to the number value, preferably within the optimum range of accuracy of 

of sensors* the carrier frequencies for each coil being dif- 30 the particular component sensor. The feedback control sys- 

ferent from one another and different from all of the other tern thus operates to adjust the coil currents until the field 

carrier frequencies for all of the other coils. The components component magnitude is at such single value. The position 

in the signals from the first sensor varying at die respective and orientation are calculated in the same way as discussed 

first carrier frequencies can be detected and the strength of above. This variant has the advantage that nonlinearity in the 

the coil currents at the respective first carrier frequencies can 35 component sensor response cannot affect the accuracy of the 

be adjusted accordingly, so that the field magnitudes at the system. Provided that it is known that a particular reading 

first carrier frequencies prevailing at sensor 18 will be within from the sensor corresponds to the preselected value of field 

the desired range. In this stage of the process, the compo- component magnitude, deviation from a linear relationship 

nents varying at the other carrier frequencies are ignored between component magnitude and sensor reading at other 

The process is reversed with respect the fiducial marker 40 values of the component magnitude will not impair the 

sensor 54a. This approach can be extended to greater accuracy of the system, 

numbers of sensors. Also, the frequency multiplexing and Certain field sensors exhibit so-called "off-axis sensitiv- 

time multiplexing approaches can be combined Thus, each ity". That is, the transfer function or relationship between 

coil can be driven at only one carrier frequency. During a field component magnitude along the sensitive axis of a 

first cycle, first sensor 18 is actuated and the components 45 particular component sensor and the reading from that 

varying at all of the carrier frequencies are monitored The component sensor varies when a strong field component 

coil currents are adjusted accordingly to bring the fields at orthogonal to such axis is present. Off-axis sensitivity can be 

each carrier frequency into the desired range. During a corrected by using the readings from two component sensors 

second cycle, the second sensor 54a (the first fiducial marker to evaluate the magnitude of the field perpendicular to the 

sensor) is used and the coil currents are adjusted in the same 50 sensitive axis of the third component sensor, and using that 

manner, and so on with the ether fiducial marker sensors. magnitude to determine a correction factor to be applied to 

In a further variant, the coil currents, and hence the the reading from the third component sensor, 

strengths of the fields from the individual transmitters, can In the system described above, when the coils are driven 

be adjusted to bring die field components detected by each with direct current amplification and conversion unit 50 

individual component sensor to within a preselected range. 55 samples the data from each component sensor at a prese- 

In such a system, each coil is adjusted separately with lected delay time after the inception of the current In a 

respect to each component sensor. In a first cycle, the current variant of this system, the command unit adjusts the delay 

to transmit coil 10a is adjusted to bring the individual sensor time from inception of the current to sampling depending 

signal from component sensor 20, representing the field upon the current applied in a particular actuation. After 

component magnitude in the local X* direction, into a 60 inception of the current, die current gradually rises to its 

preselected range. During this cycle, the signals from the steady state value, and hence the overall field strength or 

other component sensors 22 and 24 are disregarded In the dipole moment likewise rises gradually. The changing field 

next cycle, coil 10a is readjusted to bring the field compo- induces eddy currents in electrically conductive materials 

nent in the wide prime direction into a preselected range and which may be present in or near the sensing volume. These 

thus bring die signal from Y prime direction component 65 currents induce additional magnetic fields, which can induce 

sensor 22 into the optimum range. The same coil 10a men erroneous sensor readings. The eddy currents decay when 

brings the field component in local direction Z into a the rate of change in the field slows, as the field approaches 
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its steady state value. The delay time should be long enough 
for the current to rise to an appreciable portion of its steady 
state value, and long enough for eddy currents to dissipate 
sufficiently that they do not cause appreciable errors. The 
required delay time is less with smaller field magnitudes. 

The system illustrated schematically in FIGS. 5 and 6 is 
similar to that discussed above, except that the roles of the 
transmitter and sensors are reversed. That is, the probe or 
object 114 to be tracked is equipped with a transmitters 118 
incorporating three miniature coils 120, 122 and 124 dis- 
posed on mutually orthogonal axes. These are linked to a 
control system and coil drivers (not shown) similar to those 
discussed above with reference to FIG. 3. The fixed refer- 
ence frame system has three undirectional sensors 110a, 
1105 and 110c mounted in fixed position relative to the 
patient receiving bed 112. The sensors are mounted in a 
common plane. The common plane of the sensors extends 
generally vertically on one side of the patient receiving bed. 
The sensing volume 150 extends outwardly from the com- 
mon plane of the sensors, above the patient receiving bed. 



In the embodiments discussed above, the sensor is asso- 
ciated with a catheter. The same system can be used with 
other medical instruments as, for example, endoscopes and 
surgical instruments. The system can also be applied to 

5 determine the disposition of objects other than medical 
instruments. For example, it can be used in tracking a an 
input device for a computer. 

As these and other variations and combinations of the 
features described above can be utilized without departing 

10 from the invention, the foregoing description of the pre- 
ferred embodiments should be taken by way of illustration 
rather than by way of limitation of the invention as defined 
by the claims. 

Appendix A: Calculation of Position and Orientation 
15 Provided that we know the physical configuration of the 
field generator (transmitter) which is fixed in position during 
operation, the magnetic field detected by a sensor is a 
function of the position and orientation of the sensor. In our 
system field generator coils are stimulated sequentially. The 



25 



30 



35 



This system can be used in essentially the same manner as 20 field sensed by a sensor (3 component sensors per probe) can 
the system discussed above. Here again, the current deliv- ' * * — - * onA ^^ nfar,rin 

ered to each coil, and hence the dipole moment of the 
transmitted field associated with each coil is adjusted so that 
the magnitude of the field component in the sensing direc- 
tion of each sensor prevailing at each sensor is within a 
preselected range of magnitudes. 

Numerous combinations and variations of the features 
discussed above can be utilized without departing from the 
present invention. By way of example, the transmitting coils 
10 of FIG. 1 can be disposed in a vertical plane arrangement 
as illustrated for the sensors in FIG. 5. Also, the number of 
transmitters and sensors can be varied. For example, as 
disclosed in the aforementioned International Publication 
WO94/04938, the system may include a sensor having three 
mutually orthogonal sensing axes and a set of three mutually 
orthogonal transmitting coils having a common center in the 
fixed frame of reference. Alternatively, the system may 
include a single uniaxial transmitting coil on the object to be 
located and three sets of sensors on the affixed frame of 
reference, each such sensor set incorporating three receiving 
coils or component sensors adapted to detect fields in a 
mutually orthogonal direction. The reciprocal 
arrangement — with three sets of mutually orthogonal trans- 
mitting coils and a single uniaxial sensor on the object to be 
tracked — is also usable. In general, the sensors and trans- 
mitters should define a plurality of transmitter-receiver 45 
pairs, each including one element on the object and one 
element on the fixed frame of reference. 

In a further variant, the system adjusts the output of the 
transmitters in response to the calculated disposition of the 
object being tracked, rather than directly in response to the 50 
component signals or total field magnitude signal. Thus, the 
system can initially operate with the default of current 
values; derive an initial reading of the position and orien- 
tation of the object and then use that initially determined 
position and orientation to calculate the desired setting for 
each coil to achieve the desired field levels at the sensor. 
Such desired setting is selected to yield the field within the 
desired magnitude range at the object, assuming that the 
object has the position and orientation found in the initial 
reading. On the next cycle, the so-calculated coil currents 
are utilized and the process is repeated. In a variant of this 
approach, the system can store a lookup table listing the 
appropriate coil currents for various combinations of object 
position and orientation. Using the initially determined 
position and orientation, the system retrieves appropriate 
coil-current values from the lookup table for use in the next 
cycle. 



be expressed in terms of position in x, y, z and orientation 
a, p, Y ( ro ^ P itch md vaw respectively) i.e.: 

5(9cnsor]{cQil>^9ciisorJ[coU](x, y, z, a, Pnf) 

Where [sensor] designates a particular sensor and [coil] 
designates a particular transmitter coil. 

If the real field the sensor measures when [coil] is on is 
B'[ sensor] [coQ]. then theoretically, 

Fla«wor]lcoU>5fllsensorIcoU] 

Le., 

fflacnsorllcoUHlscnsorKcoilK^ * * <*, P, Y>O.0 

Since we have 3 sensors and 3 coils, the total equations 
are 9 with 6 unknowns (x, y, z for probe space location, a, 
p, y for its orientation). By applying non-linear least square 
method, we can find unique x, y, z, a, p, Y for the probe. 
Above shows the general ideal of the algorithm. In detail: 
Assume the orthogonal X,YZ reference coordinate sys- 
40 tern (magnetic location Cartesian coordinate) is described by 
matrix 

cm «m *iu I 
*m «C2 «ta 
eot «m *o3 J 

the probe's orthogonal system is: 



e p it 

*0tX 



55 



and, since the three sensors on probe may not be orthogonal 
to each other, their non-orthogonal axes can described as: 



4,11 *u «-u 
««2i e*n 



60 



<W3I <Wtt «k33 



65 



a transfer matrix T[i][j] which is to be used in later on 
calculation can be obtained from: 

r WW f=«*m'pwv</G{ 1,2,3} 
another matrix ortho_OV[i][j] which is to be used also can 
be defined as: 
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since we use roll(a), pitehflj), yaw(y) to define probe 
orientation, ortho__OV[i][jl can be also described by: 

ortbo_OVH]llJ=co8 (a) cos (PHtm (a) bd (P) no (7) 

ortbo_C>V[l][2]=cos («) sin (iHin (a) sin (P) cos (7) 

ortbo_0VUH3}=-8m (a) cos (P) 

ortfao_OV[2Il}— cos (P) sin (7) 

ortho_OVt2I2J=cos (p) cos (7) 

oitho_0V[2K3)=6m <P) 

ortbD_aVl3IlJ=sm (a) cos (7>+cos (a) sin (p) sm (7) 
ortho_OVl3|t2)=8in (a) sin (t>-co» (a) sin (P) cos (7) 
ortfao_OV[31(3)=cos (a) cos (p) 

orthogonal vector matrix can therefore be calculated by 
matrix multiplication of previous defined matrix T and 
orhto_OV: 

ov=T*vrtK_OV 

The theoretical magnetic field for an orthogonal system 
generated at sensor position pointing to c m direction can be 
expressed as: 

yicoilliK^ 2, a, p, 7) (detail abbreviated), 

where f is a known function, and includes a dipole moment 
term having magnitude proportional to (he current flow in 
the particular coil. 

After non_orthogonality correction (sensors may not be 
perpendicular to each other), the magnetic field sensor 
measures should be: 



16 

-continued 

fftscnsortlicofll] - I /tcoUlMwoAT) * o \r»[/][scnsoi3] = 0.0 

B [scnsor3][coil2] - I >lcou2][i](jny^Ct,p,7) X o \ri[f][s«isai3] = 0.0 
£=1 



^(sensor3JIcoil3] - E^coiDlIOCwaAT) x o v-»[/][sensc»3] = 0.0 

10 

A well-known non-linear least squares equation solver 
can be applied to solve the above equations and find probe 
position x, y, z and orientation a, ft y. 
Appendix B: Registration of Fiducial Markers 
15 Assumption: 

We know the coordinates of three fiducial points in image 
data (MR etc.) coordinate system (image position): 



20 



23 



30 
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{(Mxl, Hyl, Mzl \ 0*4 My2, Hz2\ (MxZ, Mfr Mi3)} 

and the coordinates of the same three fi ducal points in the 
XYZ, coordinate system of the fixed frame of refer- 
ence of the magnetic locating apparatus: 

{(Pari, Pyl, Pzl \ (PjO, Pfr Pz2\ (Px3 f Py3, Pzl)} 

fiducial points {(xl, yl, zl ), (x2, y2, z2), (x3, y3, z3)} 
can be formed by {(al, bl, cl), (a2, b2, c2), (a3, b3, 
c3)} through rotation R and translation T. The rotation 
matrix R is: 



Rxx Ryx Rzx 
Rxy Ryy Rzy 
Rxz Ryz Rzz 



][coH} = 2 /coaiMOwouP.T) xo vrHn[« 



where 



40 



Assume the real field sensor detected when coil is on is 
B*[ sensor] [coil], then: 

^[sensor][coi)l--5(snBor]IcoiIH).0 

therefore, the 9 equations to be solved for x, y, z. ou (i, 7, 
are: 



43 



lJIcoill] - X ftooilin<](«»«0t,p,Y) * o v-'Mtscnsorl J = OS) 
^1 



l]=0i) 



B1scnsorl][ooil2] - Z jlcoiBMCwaAl) Xo vr'10t> 



fllscnsorlUcoiB] - Z Jlcoil3]ti]( W a,p,7) xo v-»[/][«isorl] = 0.0 



2][coill] - J JlcoaiMC0i>w,a,P.7) xo v-»(il[sensoi2] = 0j0 



F(sensoi2][coil2] - J[con2][f](*»ia,P,7) x o V"»[G[s<5nsar2] = 00 
B"tsaisor2]rcon3] - J ilcoU3]ff](>i*&a,p,y) x o v l [i][Bcostx2\ = OX) 
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i (a)xcos (7)-sjn (a)xsin (p)xsin (7) 
i (a)xsin (7>+*m (a)xsin (P)xcos (7) 
i(a)xco6(p) 
»(P)xsm(7) 
*>y=eos (P)xcos (7) 
*to(P) 

1 (a)xoos (7>+cos (a)xsm(p)XBm(7) 
1 (o)xsin (7)-cos (a)xsin (p)xcos (7) 
j (a)xcos (P) 

The translation matrix T is: 



* y z 
x y 1 

* y t 



The relationship between image position and magnetic 
location apparatus frame of reference position is: 
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10 



This forms 9 single equations: 

Mxb4Ux+MylxRxy+MzlxRxz+*-Pxl=0 15 
MxlxIfyx+MylxJ^Mzlxfiyz+y-Pyl=0 
MxlxAzx+MylxJlzy+MzlxRzz+z-Pzl=<) 

Mx2>4Ux+My2xRxy^axJUt+x-PxZ=G JO 
Mx2xf^My2xI^MdxItyz+y-Py2=0 
Mx2>4bx+My2xFzy+Maxtoz+zr-Pz2=G 

Mx3xRxx+My3xRxy+M&xX&x-Px3*0 ^ 
Mx3>tyx+My3xl^Mz3xRyz+y-Py$=0 
Mx3xJ^My3xR^Mz3*tezHr-Pi3=0 

...(*) 

with 6 unknowns : a, |J, Y, for rotation angles, x, y, z f or space 30 
translation. 

The registration procedure is to find rotation angles a, {J, 
y and space translation x, y, z by solving the above 9 
equations. 

In pseudo-code, the registration procedure is: 



points); 



Initialize data buffer, 

Assign fiducial reference points to image data (usually 3 



Initialize magnetic locating system; 
Measure lab positions of the chosen fiducial points; 
Apply equation solving method (non-linear least square) 
on equations^)) 

and find rotation angles a, 7 and space 

*» y. *; 

Form rotation matrix R from <*, p, J and translation matrix 



T from x, y, z; 

} 



The rotation matrix R and translation matrix T can be 
applied to subsequent positions obtained, including the 
positions of the of the sensor associated with the catheter. 

What is claimed is: 

1. Apparatus for deternuning position comprising: 

(a) field generating means for producing a plurality of 
magnetic fields, each said field having parameters 
varying with location within a sensing volume accord- 
ing to a known pattern of variation, said patterns of 
variation being different for different ones of said 
fields; 

(b) at least one sensor adapted to detect one or more of 
said parameters of said fields generated by said field 
generating means prevailing at such sensor when said 
sensor is at an unknown location within said sensing 
volume and to provide one or more sensor signals 
representing said one or more parameters; 



(c) calculation means for determining a calculated loca- 
tion of said sensor based upon said sensor signals and 
said known patterns of variation; and 

(d) feedback control means far adjusting said field gen- 
erating means to alter said known pattern of variation 
of at least one of said fields responsive to said sensor 
signals, said calculated location or bom so as to main- 
tain said parameters of each such altered field prevail- 
ing at said sensor within a preselected range. 

2. Apparatus for determining position comprising: 

(a) a plurality of sensors, said sensors being disposed 
adjacent a sensing volume at different positions, dif- 
ferent orientations ox both; 

(b) field generating means including at least one magnetic 
field transmitter movable to an unknown location 
within said sensing volume and adapted to provide at 
least one magnetic field in said sensing volume, so that 
the magnetic field from each transmitter varies in 
according to a known pattern of variation with location 
relative to such transmitter, said sensors being adapted 
to detect one or more parameters of the at least one 
magnetic field provided by said field generating means 
and to provide said sensor signals representing one or 
more parameters of the field or fields from said at least 
one transmitter; 

(c) calculation means for determining a calculated loca- 
tion of said at least one transmitter based upon said 
sensor signals and said known patterns of variation; and 

(d) feedback control means for adjusting said field gen- 
erating means to alter said known pattern of variation 
of at least one of said fields responsive to said sensor 
signals, said calculated location or both so as to main- 
tain said parameters of each such altered field prevail- 
ing at each said sensor within a preselected range. 

3. Apparatus as claimed in claim 1 or claim 2 wherein said 
field generating means is operative to provide DC magnetic 
fields within said sensing volume. 

4. Apparatus as claimed in claim 3 wherein said field 
generating means includes a plurality of coils and means for 
intermittently actuating each said coil with a direct current, 

40 said feedback control means includes means for altering the 
magnitude of each said direct current, and wherein said 
calculation means includes means for sampling the signals 
from each sensor when a delay time has elapsed after 
commencement of each said intermittent actuation, said 

45 feedback control means further including means for varying 
the delay time for each actuation in accordance with the 
magnitude of the current applied in such actuation so as to 
reduce the delay time when lesser currents are employed and 
increase the delay time when greater currents are employed. 

5. Apparatus as claimed in claim 1 or claim 2 wherein said 
field generating means is operative to provide AC magnetic 
fields within said sensing volume. 

6. Apparatus as claimed in claim 1 or claim 2 wherein 
each said sensor has m«»"ium accuracy within a prese- 
lected optimum operational range for each said parameter 
and said preselected range for each said parameter substan- 
tially corresponds to said optimum operational range. 

7. Apparatus as claimed in claim 1 or claim 2 wherein said 
preselected range for each said parameter consists of a single 
value, and wherein said feedback control means is operative 
to maintain each said parameter of the field at each sensor 
substantially at said single value. 

8. Apparatus as claimed in claim 1 wherein said field 
generating means includes a plurality of transmitters dis- 
posed adjacent said sensing volume. 

9. Apparatus as claimed in claim 2 or claim 8 wherein 
each said transmitter is operative to radiate a field having 
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magnitude decreasing with r* where r is distance from the 
transmitter and n is a number greater than 1. 

10. Apparatus as claimed in claim 1 further comprising a 
sensor body, said at least one sensor including a plurality of 
component sensors disposed on said sensor body, each said 5 
component sensor being operative to measure the magnitude 
of a magnetic field component in a preselected local direc- 
tion relative to the sensor body. 

11. Apparatus as claimed in claim 10 wherein said field 
generating means includes a plurality of transmitters dis- 
posed at spaced-apart locations adjacent said sensing 
volume, said feedback control means being operative to 
adjust each said transmitter to transmit a plurality of fields 
so that for each said field, the magnitude of a component of 
such field in the local direction of one said component sensor 
will be within a preselected range. 15 

12. Apparatus as claimed in claim 10 wherein each said 
component sensor is a Hall effect sensor, a magnetoresistive 
sensor, a magnetooptical sensor or a flux gate magnetometer. 

13. Apparatus as claimed in claim 1 or claim 2 wherein 
each said sensor includes a coil and wherein said field 20 
generating means is arranged to provide AC fields in said 
sensing volume. 

14. Apparatus as claimed in claim 1 wherein said field 
generating means includes a plurality of transmitters dis- 
posed at spaced-apart locations on one side of a reference 25 
plane and wherein said sensing volume extends to the other 
side of said reference plane. 

15. Apparatus as claimed in claim 14 wherein said trans- 
mitters are disposed substantially in a common plane. 

16. Apparatus as claimed in claim 2 wherein said plurality 30 
of sensors are disposed at spaced-apart locations on one side 

of a reference plane and wherein said sensing volume 
extends to the other side of said reference plane. 

17. Apparatus as claimed in claim 16, wherein said 
sensors are disposed substantially in a common plane. 35 

18. Apparatus as claimed in claim 1 or claim 2 wherein 
said at least one sensor includes a plurality of sensors, and 
wherein said sensors can be impaired by exposure to fields 
having components above a predetermined threshold 
magnitude, and wherein said feedback control means 40 
includes means for controlling said field generating means to 
assure that no sensor is exposed to a field component having 
magnitude above its threshold value. 

19. Apparatus as claimed in claim 1 or claim 2 wherein 
said at least one sensor includes a plurality of sensors and 45 
wherein said sensors can be impaired by exposure to fields 
having components above a predetermined threshold mag- 
nitude but can be restored after such exposure upon appli- 
cation of a reset routine, said feedback control means 
including means for initiating such reset routine in the event so 
of such exposure. 

20. Apparatus for sensing the disposition of an object in 
a frame of reference comprising: 

(a) transmitter means including at least one transmitter for 
providing a field; 55 

(b) sensor means including at least one sensor for sensing 
one or more parameters of a field prevailing at each 
such sensor, said transmitter means and said sensor 
means cooperatively defining a plurality of transmitter- 
sensor pairs, each including one transmitter and one 60 
sensor as elements of the pair, one element of each such 
pair being disposed on the object and the other element 

of each such pair being disposed at a known disposition 
in said frame of reference, the sensor means of each 
such pair being operative to provide sensor signals 65 
representing parameters of a field provided by said 
transmitter means; 



(c) calculation means for determining the disposition of 
said object in said frame of reference based upon said 
sensor signals; and 

(d) feedback control means for adjusting said transmitter 
means responsive to said sensor signals to thereby 
maintain at least one of said sensor signals within a 
preselected range. 

21. Apparatus for determining position comprising: 

(a) a plurality of sensors adapted to detect one or more 
parameters of a magnetic field prevailing at each such 
sensor and to provide one or more sensor signals 
representing said one or more parameters, said sensors 
being disposed adjacent a sensing volume at different 
positions, different orientations or both; 

(b) field generating means including at least one magnetic 
field transmitter movable to an unknown location 
within said sensing volume and adapted to provide at 
least one magnetic field in said sensing volume, so that 
the magnetic field from each transmitter varies in 
according to a known pattern of variation with location 
relative to such transmitter whereby said sensor signals 
will represent one or more parameters of the field or 
fields from said at least one transmitter; 

(c) calculation means for determining a calculated loca- 
tion of said at least one transmitter based upon said 
sensor signals and said known patterns of variation; and 

(d) feedback control means for adjusting said field gen- 
erating means to alter said known pattern of variation 
of at least one of said fields responsive to said sensor 
signals, said calculated location or both so as to main- 
tain said parameters of each such altered field prevail- 
ing at each said sensor within a preselected range, each 
said transmitter being operative to radiate a field having 
magnitude substantially equal to K/r 3 where r is dis- 
tance from the transmitter and K is a real number, and 
wherein said feedback control means is operative to 
adjust K. 

22. Apparatus for determining position comprising: 

(a) field generating means for producing a plurality of 
magnetic fields, each said field having parameters 
varying with location within a sensing volume accord- 
ing to a known pattern of variation, said patterns of 
variation being different for different ones of said 
fields; 

(b) at least one sensor adapted to detect one or more of 
said parameters prevailing at such sensor when said 
sensor is at an unknown location within said sensing 
volume and to provide one or more sensor signals 
representing said one or more parameters; 

(c) calculation means for determining a calculated loca- 
tion of said sensor based upon said sensor signals and 
said known patterns of variation; and 

(d) feedback control means for adjusting said field gen- 
erating means to alter said known pattern of variation 
of at least one of said fields responsive to said sensor 
signals, said calculated location or both so as to main- 
tain said parameters of each such altered field prevail- 
ing at said sensor within a preselected range, said field 
generating means including a plurality of transmitters 
disposed adjacent 

said sensing volume, each said transmitter being operative to 
radiate a field having magnitude substantially equal to K/r 3 
where r is distance from the transmitter and K is a real 
number, and wherein said feedback control means is opera- 
tive to adjust K. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 5,729,129 Page l of 3 

DATED : March 17, 199* 

INVENTORY : Acker 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 

Column 4, line 25, "or in a" should read --or in an-. 

Column 4, line 65, "prospective" should read -perspective--. 

Column 5, line 1, "prospective" should read -perspective-. 

Column 5, line 6, after "invention." insert new paragraph. 

Column 5, line 30, "X 1 , Yj and A 1 " should read -X 1 , Y 1 and Z 1 -. 

Column 5, line 58, "ND" should read -A/D-. 

Column 6, line 13, delete "[MOVE THIS UP].". 

Column 6, line 29, delete "sensitive to magnetic field directed in direc-". 

Column 6, line 30, delete "tion X 1 , but largely insensitive to". 

Column 6, line 51, "invention, an" should read -invention, a-. 

Column 7, line 41, "range, than" should read -range, then-. 

Column 9, line 29, "probe example," should read -probe 14. For example,-. 

Column 10, line 13, "ignore" should read -ignored-. 

Column 10, line 31, "sensor" should read -sensors-. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATEWT'NO. : 5,729,129 Page 2 of 3 

dated : March 17, 1998" 

INVENTOR(S) : Ackef 

It is certified that error appears in the above-indentified patent and that said Letters Patent is hereby 
corrected as shown below: 

Column 10, line 32, "sensor" should read -sensors-. 
Column 11, line 40, "respect the" should read -respect to the-. 
Column 13, line 9, "with a transmitters" should read -with transmitters-. 
Column 14, line 6, "tracking a an" should read -tracking an-. 
Column 14, line (55, " 7mw = * e*n ViJ e {1,2,3} « Ka/ ^ 
„ Tmn = e+n • e M VJ J e 0,2,3} _ 

Column 15, line 1, '° rtho -. OV mn = «wi*«m Vi.y e {1,2,3}.. should ^ 
- 0rtho - OV mn = «n # e M Vij e {1,2$ _ 
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It is certified that error appears in the above-indentified patent and that said Letters Patent is hereby 
corrected as shown below: 

Column 15, line 5, "cos (P)" should read -cos (y)~. 
Column 15, line 27, " e m m should read ~^l'J-. 

Column 17, line 20, ' Mc2xRxx+My2xRxy+Mz2xRxx + x-Px2 = 0" 
should read - Mx2 x Rxx + My2 x Rxy + Mz2 x Rxz + x - Px2 = 0 -. 



Column 17, line 53, delete the second occurrence of "of the". 



Attest: 



Attesting Officer 



Signed and Sealed this 
Eighteenth Day of August, 1998 

(thou ?eX»#~^ 

BRUCE LEHMAN 

Commissioner of Patents and Trademarks 
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